Highlights d REI-1 and its human homolog SH3BP5 are guanine nucleotide exchange factors of Rab11 
In Brief
Rab11 is a key regulator of post-Golgi membrane trafficking, but regulatory mechanisms affecting its activity are not well understood. Sakaguchi et al. identify C. elegans REI-1 and its mammalian homolog SH3BP5 as Rab11 guanine nucleotide exchange factors. In C. elegans, REI-1 is specifically required for RAB-11 regulation during embryonic cytokinesis.
INTRODUCTION
Rab/Ypt small GTPase family proteins are highly conserved across yeast and mammals, and they play diverse roles in membrane trafficking, organelle movement, and cytokinesis (MizunoYamasaki et al., 2012; Stenmark, 2009) . Rabs switch between the inactive guanosine diphosphate (GDP)-bound and the active guanosine triphosphate (GTP)-bound conformational states, and active Rabs interact with effectors that induce downstream signaling events. Activity of Rabs is highly regulated by guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) (Barr and Lambright, 2010; Bos et al., 2007) . GEFs associate with inactive Rabs and induce the release of the bound GDP to be replaced with the more abundant GTP, while GAPs promote bound-GTP hydrolysis.
Rab GEFs are critical because they primarily control the proper timing and location of Rab activation. Whereas most Rab GAPs share the TBC (Tre-2/Bub2/Cdc16) domain, various types of Rab GEFs have been identified (Barr and Lambright, 2010; Bos et al., 2007) . The Vps9 (vacuolar protein sorting 9) domain family functions as a specific GEF for Rab5 or Rab5-subfamily GTPases (Delprato et al., 2004; Hama et al., 1999; Horiuchi et al., 1997; Sato et al., 2005) , while the Sec2/Rabin domain family functions as a GEF for Rab8, Sec4 in yeast (Hattula et al., 2002; Walch-Solimena et al., 1997) . The DENN (after differentially expressed in neoplastic versus normal cells) domain was originally found in the Rab3 GDP/GTP exchange protein (Wada et al., 1997) , and studies have revealed that this domain is conserved in GEFs for several Rab GTPases, such as Rab35, Rab27, Rab10, and Rab9, and forms a large family (Allaire et al., 2010; Figueiredo et al., 2008; Sato et al., 2008b; Yoshimura et al., 2010) . By contrast, transport protein particle I (TRAPP-I) and Mon1-Ccz1 function as a GEF protein complex for Ypt1 and Ypt7 in yeast and Rab1 and Rab7 in mammalian cells, respectively (Nordmann et al., 2010; Wang et al., 2000) . Because these Rab GEF families are highly diverse in their sequence and structure, the identification of specific GEFs for many Rab GTPases, including Rab11, is still under way.
Rab11 is one of the best-studied Rab GTPases; it plays multiple roles at the intersection between the endocytic and the exocytic trafficking pathways (Welz et al., 2014) . Rab11 localizes to the recycling endosomes (REs), trans-Golgi network, and postGolgi vesicles, and it regulates a variety of biological processes, such as endocytic recycling, secretion, cell motility, and cytokinesis. In C. elegans, RAB-11 performs multiple functions during oocyte-to-embryo transition. RAB-11 changes its localization among REs, cortical granules (CGs), and Golgi membranes and sequentially regulates yolk uptake in oocytes and CG exocytosis after fertilization (Grant and Hirsh, 1999; Sato et al., 2008a) . In the following mitotic cell divisions in embryos, RAB-11 is recruited to the cleavage furrow and plays an essential role in cytokinesis (Skop et al., 2001) . In mammalian cells, Rab11 is delivered to the cleavage furrow and required for the completion 0  68  136  204  272  340  408  476  544  612  680  748  816  884  952  1020  1088 0  76  152  228  304  380  456  532  608  684  760  836  912  988  1064 (A-C) C. elegans RAB-11.1 dynamically changes its localization during oocyte-to-embryo transition. Schematic of the localization of GFP-RAB-11.1 (green) and extracellular matrix components (orange) (A) and images of GFP-RAB-11.1 (B and C) in the C. elegans gonad (see also Figure 3A ). RAB-11.1 localizes to the (legend continued on next page) of the late step of cytokinesis (Wilson et al., 2005) . Although Rab11 dynamically changes its location and plays diverse roles at distinct compartments, the regulatory mechanism for spatiotemporal activation of Rab11 remains unclear.
GEF #21
Here, we identified a RAB-11-interacting protein-1 (REI-1) protein family that functions as a GEF for RAB-11. REI-1 is evolutionarily conserved in metazoans and contains an SH3-binding protein 5 (SH3BP5) domain, but it does not share any known Rab-GEF domains. C. elegans REI-1 and its human homolog SH3BP5 exhibited strong GEF activity toward Rab11 in vitro. In C. elegans, the loss of REI-1 impaired the redistribution of RAB-11 to the late-Golgi compartment and REs after fertilization and further reduced the RAB-11 targeting to the cleavage furrow, which resulted in cytokinesis delay during mitotic cell division in embryos. These results suggest that REI-1 specifically regulates the distribution of RAB-11 to the target membranes at precise time points in early embryogenesis. Our findings not only reveal a unique gene family of Rab GEFs but also provide a clue for better understanding of the spatiotemporal control of Rab functions in animal development.
RESULTS

REI-1 Is a Binding Partner of RAB-11
We have previously shown that C. elegans RAB-11.1 has multiple functions and dynamically changes its localization during oocyte-to-embryo transition (Movie S1) (Sato et al., 2008a) . In growing oocytes, RAB-11.1 localizes on the cortical REs, as well as punctate Golgi, and regulates yolk receptor recycling ( Figures 1A and 1B) (Grant and Hirsh, 1999; Sato et al., 2008a) . When oocytes mature, RAB-11.1 translocates to the CGs, including extracellular matrix components, and regulates CG exocytosis after fertilization, contributing to egg shell formation ( Figures 1A and 1C) (Sato et al., 2006 (Sato et al., , 2008a . In embryos, RAB-11.1 redistributes to the Golgi and RE, where it regulates cytokinesis ( Figures 1A and 1C) (Skop et al., 2001) .
To identify potential upstream regulators for RAB-11.1, we performed yeast two-hybrid screening using RAB-11.1(S25N), which mimics a GDP-bound RAB-11.1, as bait. We identified C03C10.4 as a RAB-11.1 binding partner and named this protein REI-1 (Figures 1D and 1E) . The C. elegans genome has the rei-1 homolog K03E6.7/rei-2, and REI-2 interacted with RAB-11.1 (Figures 1D and 1E ). Although both REI-1 and REI-2 had not been functionally characterized in C. elegans, they form a family that is well conserved in metazoans, including Drosophila (Sinka et al., 2002) and human (Matsushita et al., 1998) (Figure 1D ; Figures S1A and S1B). A human homolog SH3BP5, also known as Sab, was first identified as a binding protein for the SH3 domain of Bruton's tyrosine kinase (Btk) that is mutated in X-linked agammaglobulinemia (Matsushita et al., 1998) . It was also reported to be phosphorylated by the c-Jun N-terminal kinase (JNK) (Wiltshire et al., 2002) . However, genes encoding Btk/Tec family proteins are not conserved in the C. elegans genome, and the JNK-binding and JNK-phosphorylation sites on SH3BP5 are not conserved in REI-1/-2 ( Figure S1A ), suggesting that REI-1/-2 plays a Btk-and JNK-independent role in C. elegans. In addition to the conserved SH3BP5 domain, REI-2 and SH3BP5 have F-BAR (FES-CIP4 homology and Bin/Amphiphysin/Rvs) and BAR domains, respectively ( Figure 1D ; Figure S1A ), that form long helix structures and potentially function as modules for dimerization, lipid binding, and membrane-curvature sensing (Qualmann et al., 2011) . By protein structure prediction, we also found that REI-1 contains long helix structures similar to those found in REI-2 and SH3BP5 ( Figure S1A ).
REI-1 Specifically Interacts with GDP-Bound Form of RAB-11
We next examined the binding specificity of REI-1 by using the GTP-fixed mutant RAB-11.1(Q70L). While REI-1 interacted with GDP-fixed RAB-11.1, it exhibited no or weak interaction with GTP-fixed RAB-11.1 in yeast two-hybrid assay ( Figure 1E ) and the co-immunoprecipitation experiments performed using the human cell line HEK293T ( Figure 1F ). Although REI-2 interacted with each form of RAB-11.1 in the yeast two-hybrid assay (Figure 1E) , it showed a stronger association with GDP-RAB-11.1 than with GTP-RAB-11.1 in the co-immunoprecipitation experiments ( Figure 1F ). REI-1 and REI-2 did not interact with RAB-5, RAB-7, and RAB-35 ( Figure S1C ). These results indicate that REI-1 and REI-2 preferentially interact with GDP-bound RAB-11.1. To identify the RAB-11-interaction domain in REI-1, we generated a series of truncated mutants of REI-1 and analyzed their interaction with RAB-11.1(S25N) by yeast twohybrid assay. We found that most of the REI-1 structure is required for interaction with RAB-11.1 ( Figure S1D ).
The yeast two-hybrid analysis also showed that REI-1 and REI-2 undergo a homophilic interaction ( Figure 1E ). To confirm this finding, we analyzed the molecular weight distribution of cortical RE and punctate Golgi in growing oocytes (A and B) and moves to CGs before fertilization (A and inset in C). In embryos, RAB-11.1 redistributes to RE and Golgi (A and C). RAB-11.1 regulates endocytic recycling for yolk uptake in oocytes, as well as CG exocytosis and cytokinesis in embryos. SP, spermatheca. Scale bars, 10 mm. See also Movie S1. (D) Domain structures of the REI-1 family proteins. Solid black lines show deleted regions of the indicated mutant alleles. See also Figure S1A . (E) REI-1 specifically interacts with GDP-fixed and nucleotide-free forms of RAB-11.1. The interactions of C. elegans RAB-11.1DC WT, S25N (GDP bound), Q70L (GTP bound), and N124I (nucleotide free, NF) with REI-1 and REI-2 were examined by yeast two-hybrid assay. RAB-11.1DC lacks a C-terminal lipid-modified motif. The blue colony indicates positive interaction. REI-1 and REI-2 interact with themselves in a homophilic manner. See also Figures S1C and S1D. (F) Co-immunoprecipitation experiments using HEK293T cells show that REI-1 and REI-2 preferentially interact with GDP-fixed RAB-11.1. RAB-11.1(S25N) was co-immunoprecipitated with REI-1 to a greater extent than RAB-11.1(Q70L) (lanes 2 versus 5). Although the expression of RAB-11.1(S25N) was much lower than that of RAB-11.1(Q70L) (input), they were co-immunoprecipitated with REI-2 at a comparable level ( native REI-1 by gel filtration chromatography. We found that recombinant REI-1 proteins migrate at positions corresponding to a dimer, tetramer, and high molecular weight multimers (Figure S1E) , suggesting that REI-1 is capable of forming dimers and multimers because of homophilic interactions.
REI-1 Is a Specific GEF for RAB-11
Because REI-1 and REI-2 associate with GDP-bound RAB-11.1, we hypothesized that these proteins might act as GEFs to activate RAB-11.1 directly. GEFs are known to bind stably to nucleotide-free mutants of target GTPases (Hwang et al., 1993) . Consistent with this notion, REI-1 and REI-2 interacted with the nucleotide-free mutant RAB-11.1(N124I) ( Figure 1E ). We further tested our hypothesis by an in vitro GEF assay, in which a release of preloaded MANT-
, a fluorescent GDP analog, from Rab was monitored. His-tagged Rab proteins were immobilized on liposomes containing nickel-nitrilotriacetic acid (NTA) lipids to mimic the interaction with the membrane (Cabrera et al., 2014; Ebine et al., 2014) . We found that REI-1 strongly facilitated the release of MANT-GDP from RAB-11.1 ( Figure 1G ) but not from RAB-5 ( Figure 1H ). These results indicate that REI-1 is a specific GEF for RAB-11.1.
Interestingly, REI-1 did not show GEF activity toward RAB-11.1 in the absence of liposomes ( Figure 1G ). Because certain REI-1 family proteins show a similarity to the F-BAR and BAR domains, we examined whether REI-1 binds directly to the membrane. We incubated purified glutathione S-transferase (GST) or GST-REI-1 proteins with or without liposomes and applied these to a sucrose gradient floatation centrifugation. We found that purified GST-REI-1 was recovered in the float phase only in the presence of liposomes ( Figure 1I ), suggesting that REI-1 possesses the ability to bind liposomes. We also tested whether membrane curvature affects the GEF activity of REI-1. We incubated GST-REI-1 proteins with two liposomes of different sizes (approximately 50 and 400 nm in diameter) and examined its GEF activity (Figure 1J) . We found that both liposomes stimulated REI-1 GEF activity to similar extents, implying that membrane curvature is not critical for REI-1 activation, at least in vitro.
Rab11-GEF Activity Is Conserved in the REI-1 Family Proteins
We further examined whether the molecular function of REI-1 is conserved in its mammalian homolog. We found that the mouse SH3BP5 interacted with the GDP-bound and nucleotide-free forms of human Rab11 but not with its GTP-bound form ( Figures  2A and 2B) or with Rab5 or Rab7 ( Figure 2C ). We also revealed that MANT-GDP preloaded to human Rab11 was released by human SH3BP5 even in the absence of liposomes ( Figure 2D ). As we expected, the addition of liposomes strongly potentiated the release of MANT-GDP even further ( Figure 2D) . Surprisingly, C. elegans REI-1 also showed strong GEF activity toward human Rab11 ( Figure 2D) , suggesting that the GEF activity of REI-1 is highly conserved among species.
REI-1 Is Expressed in the Germline and Co-localizes with RAB-11 on the Golgi Membrane We next investigated the expression and localization pattern of REI-1 in C. elegans. We generated a transgenic animal expressing GFP-tagged REI-1 driven by the rei-1 promoter and found that GFP-REI-1 was predominantly expressed in germline cells. Although REI-1 does not possess transmembrane domains, it localized to membrane structures ( Figures 3A and 3B) . In growing oocytes, GFP-REI-1 localized to the ring-like CGs and adjacent puncta (punctate Golgi) that were also labeled with RAB-11.1 (Figures 3A-3G) (Sato et al., 2008a) . In embryos, GFP-REI-1 mainly localized to the punctate structures that are reminiscent of the Golgi distribution ( Figure 3B ). We found that many GFP-REI-1-positive puncta overlapped with the lateGolgi marker mCherry-tagged syntaxin-16 (mC-SYN-16, Figures  3H-3J) and juxtaposed with the early-Golgi marker mCherry-RER-1 (mC-RER-1, Figures 3K-3M) (Sato et al., 2011) . We also showed that the signal of mCherry-RAB-11.1 and GFP-RAB-11.1 was observed on GFP-REI-1-positive and mC-SYN-16-positive puncta, respectively ( Figures 3N-3S) , indicating that REI-1 co-localized with RAB-11.1 to the late-Golgi compartment. The RAB-11.1 signal was also observed as GFP-REI-1-negative or mC-SYN-16-negative puncta and in the cortical region ( Figure 3N-3S ), suggesting that these are different populations of RAB-11.1, possibly representing post-Golgi vesicles and/or REs (Welz et al., 2014) .
Loss of REI-1 Specifically Impairs the Targeting of RAB-11 after Fertilization
To investigate the physiological function of REI-1/-2, we isolated deletion mutants ( Figure 1D ). These rei-1 and rei-2 single mutants were viable, and their brood size was comparable to that of the wild type (WT) ( Figure S2A ). However, rei-1; rei-2 double mutants exhibited a lower brood size compared to the WT or each single mutant ( Figure S2A ). We next tested whether rei-1 or rei-2 mutations affect the localization and function of RAB-11.1. The deletion of these genes did not disrupt RAB-11.1 localization in oocytes, its translocation to CGs, yolk uptake by oocytes, or CG exocytosis ( Figures S2B-S2Q ). In contrast, the localization of GFP-RAB-11.1 in embryos was strikingly altered in the rei-1 mutant. The number of GFP-RAB-11.1-positive puncta was significantly reduced in rei-1 single-mutant embryos ( Figures 4A, 4B , and 4M; Figures S2R, S2S , S2V, and S2W; Movies S3 and S4), although the total fluorescent intensity and protein levels of GFP-RAB-11.1 were comparable to those of WT embryos ( Figures 4N and 4O) . The GFP-RAB-11.1 signal in the cell cortex was also decreased in rei-1 mutant embryos (Figures S2R , S2S, S2V, and S2W; Movies S3 and S4). These defects were enhanced in rei-1; rei-2 double mutants, whereas the rei-2 mutation alone showed only marginal effects ( Figures  4A-4D and 4M-4O; Figures S2R-S2Y; Movies S2 and S5). Similar results were obtained when endogenous RAB-11 was stained using an anti-RAB-11 antibody ( Figures S2ZA-S2ZD ) (Poteryaev et al., 2007) . The rei-1 and rei-2 mutations did not strongly affect the pattern of the early endosome marker RAB-5 and the late-Golgi marker SYN-16 ( Figures 4E-4L ). The mislocalization of RAB-11.1 in the rei-1 mutant embryos was rescued by the expression of GFP-REI-1 (Figures S2ZE-S2ZH ), confirming that this phenotype is specific to the rei-1 mutant and that GFP-REI-1 is functional. These results suggest that REI-1 specifically regulates proper localization of RAB-11.1 in early embryos. We also examined whether the loss of REI-1 and REI-2 affects the membrane binding ability of RAB-11.1 by the fractionation assay. We found that the ratio of membrane to cytosol fraction of GFP-RAB-11.1 in rei-1; rei-2 double-mutant embryos was similar to that of the WT ( Figure 4P ). These results suggest that RAB-11.1 fails to be targeted to specific membranes but still binds to some membrane structures even in the absence of REI-1 and REI-2.
GFP-REI-
Depletion of REI-1 Reduces RAB-11 Targeting to the Cleavage Furrow and Causes Cytokinesis Delay C. elegans RAB-11.1 also localizes to the cleavage furrow, where it plays an important role in cytokinesis, a phenomenon that has been previously shown in mammals (Wilson et al., 2005; Zhang et al., 2008) . In rab-11.1 RNAi-treated embryos, the ingression of the plasma membrane initiates but does not progress further, while the regression occurs during cytokinesis (Skop et al., 2001 ). In rei-1 and rei-1; rei-2 mutant embryos, the initial ingression occurred but GFP-RAB-11.1 did not localize to puncta or the cleavage furrow ( Figure 5 ; Figures  S3A-S3D) . We further examined cytokinesis in detail by timelapse imaging. In rei-1 mutant embryos, the duration for cytokinesis was prolonged (p < 0.001, Student's t test, compared with WT) (Figures 6A and 6C) . The lag duration for cytokinesis was relatively small in rei-2 mutants (p = 0.05, Student's t test), but it was enhanced in rei-1; rei-2 double-mutant embryos (p = 0.004, Student's t test, compared with rei-1 mutants) ( Figures  6A-6C) , suggesting that REI-1 and REI-2 contribute to proper cytokinesis. Despite the contribution to cytokinesis, REI-1 itself and the Golgi marker SYN-16 were not recruited to the cleavage furrow ( Figures S4A and S4B) . Overall, our results suggest that the REI-1-dependent activation of RAB-11.1 at the late-Golgi compartment is a prerequisite for the targeting of RAB-11.1 to the cleavage furrow and its involvement in cytokinesis ( Figure 6D ).
(M and N) Quantification of the puncta numbers (M) and total signal intensity (N) of GFP-RAB-11.1 in two-or four-cell embryos of rei-1(jq10) and rei-2(jq23) single and double mutants, as well as matched WT controls. P values from the Student's t test: *p < 0.001, **p < 0.005, ***p < 0.001. n > 10 for each strain were analyzed at each stage. Error bars represent SEM. (O) Protein levels of GFP-RAB-11.1 are unaffected in rei-1 and rei-2 mutants. Whole lysates from 50 adult animals of each strain were subjected to immunoblotting analysis using anti-GFP and anti-actin antibodies. The signal intensities of GFP-RAB-11.1 and actin were quantified, and the amount of GFP-RAB-11.1 was normalized to the amount of actin. (P) Presence of significant GFP-RAB-11.1 membrane binding in rei-1; rei-2 double mutants. WT and rei-1(jq10); rei-2(jq23) mutant embryos expressing GFP-RAB-11.1 were subjected to fractionation analysis. Endogenous RER-1 was used as a membrane fraction control. Nuc, nuclear and debris; Memb, membrane; Cyto, cytosol fractions. See also Figure S2 . 
DISCUSSION
In this study, we identified REI-1 as a unique RAB-11 GEF. The REI-1 family does not show apparent similarity to known Rab-GEF domains such as the DENN and Vps9 domains (Barr and Lambright, 2010; Bos et al., 2007) . Recent studies show that Rab-GEFs are structurally diverse and that additional unknown GEFs exist. Interestingly, the REI-1 family proteins are predicted to share long helix structures. It has been shown that Rabin8, the Rab8 GEF, and the yeast homolog Sec2p fold into a parallel dimeric coiled-coil structure (Sato et al., 2007; Dong et al., 2007; Guo et al., 2013) . We also found that a region of the REI-1 protein has a very weak similarity to Rabin8, indicating that the two proteins may share some similarity in their structures. The REI-1 family also shows a similarity to BAR and F-BAR domains, which potentially function as modules for dimerization, lipid binding, and membrane-curvature sensing (Qualmann et al., 2011) . REI-1 interacts with itself in a homophilic manner ( Figure 1E ) and directly binds to the membrane ( Figure 1I ), as do other BAR-domain proteins. These domains may function to target the REI-1 family proteins to a specific compartment where they participate in activation of Rab11. Furthermore, interaction of these structures with the membrane may modulate their GEF activity. Consistent with this idea, the addition of liposomes dramatically enhanced their GEF activity ( Figures 1G and 2D ).
Our results indicate that RAB-11 is able to bind membranes even in the absence of REI-1 ( Figure 4P ). This is consistent with the previous report that several yeast Rab homologs do not localize to the target organelle in the absence of the GEF but are still membrane bound (Cabrera and Ungermann, 2013) . Rab GEFs would be required for proper targeting of Rab protein to specific sites rather than simple membrane binding. It is also possible that there are multiple RAB-11 GEFs and that other GEFs can partially activate RAB-11, even in rei-1 and rei-2 mutants. This would be consistent with the finding that the effect of the rei-1; rei-2 mutations on viability and embryonic cytokinesis is milder than that of the rab-11.1 knockdown. It has been reported that Drosophila Crag, the homolog of DENND4, exhibits a GEF activity toward Rab11, as well as Rab10, and is required for Rhodopsin trafficking (Xiong et al., 2012) . Multiple types of Rab11 GEFs may regulate a distinct process but in part function redundantly.
REI-1 family proteins are conserved in metazoans, including Drosophila and humans. Interestingly, Drosophila REI-1 homolog Poirot and Rab11 were both identified as factors regulating polarized localization of Oskar mRNA and/or protein in oocytes, which is a key component of the germplasm assembly (Jankovics et al., 2001; Sinka et al., 2002) . Although the direct connection has not been assessed yet, Poirot and Rab11 may function in the same pathway. Human REI-1 homolog SH3BP5 was identified as a binding protein for Btk that is crucial for B cell development (Matsushita et al., 1998) and was shown to negatively regulate Btk's kinase activity (Yamadori et al., 1999) . While Btk is predominantly expressed in B cell lines, SH3BP5 is expressed in a variety of human tissues (Matsushita et al., 1998) , suggesting that SH3BP5 plays broader roles than Btk. SH3BP5 is also reported to regulate JNK translocation to mitochondria upon JNK activation (Wiltshire et al., 2002) . Although the C-terminal region of SH3BP5 contains JNK-phosphorylation and JNK-binding sites, it is not conserved well or is lacking in other REI-1 family proteins. This may explain the unique function of REI-1 family proteins in each species.
We also found that REI-1 is required for appropriate cytokinesis. The cytokinesis of large embryonic cells needs massive membrane insertion to increase the cell surface area. Indeed, the cytokinesis of C. elegans embryos is blocked by the loss of RAB-11 and by treatment with Brefeldin A, which inhibits Golgi trafficking (Montagnac et al., 2008; Skop et al., 2001) . To support such a timely and large membrane supply, REI-1 may develop as a specific RAB-11 GEF that promotes the targeting of post-Golgi vesicles to the cleavage furrow. Further analysis of the REI-1 family proteins will be required for understanding the spatiotemporal control of Rab11 function and establishing precise mechanisms of its involvement in various cellular processes and animal development.
EXPERIMENTAL PROCEDURES
C. elegans Strains C. elegans strains were cultured on nematode growth medium plates seeded with E. coli OP50 (Brenner, 1974) . Strains used in this study are listed in Supplemental Experimental Procedures. Deletion mutant strains rei-1(jq10)III, rei-1(jq11)III, and rei-2(jq23)X were obtained from the trimethylpsoralen/UV mutagenized library as described previously (Gengyo-Ando and Mitani, 2000) .
Construction of Plasmids and Transgenic C. elegans
The constructs for expression in C. elegans, yeast, mammalian cells, and E. coli were prepared using the Gateway recombination cloning technology (Invitrogen) and the Ligation convenience kit (Wako Pure Chemical Industries). The experimental method is detailed in Supplemental Experimental Procedures. Transgenic lines were created by the microparticle bombardment method as previously described (Praitis et al., 2001 ). All experimental protocols were approved by the Gunma University Genetic Modification Safety Committee.
Yeast Two-Hybrid Screening Yeast two-hybrid screening was performed by the DupLEX-A Yeast TwoHybrid System (OriGene) using a C-terminally truncated form of Rab (e.g., RAB-11.1DC) as bait. RabDCs lack C-terminal amino acid residues that are lipid modified. The C. elegans cDNA library (DupLEX-A, OriGene) was introduced into the yeast EGY48 strain containing the lacZ reporter pSH18-34 plasmid and the bait pEG202-rab-11.1DC S25N plasmid. Then, 1.3 3 10 7 transformants were screened on leucine-free plates (first screening) and further on X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) plates (second screening) (Sato et al., 2005) . Of the 77 positive transformants isolated, 33 were found to contain cDNA of the SH3-binding protein C03C10.4/ REI-1.
Immunoblotting and Immunoprecipitation
Whole nematode lysates were prepared from 50 adult hermaphrodites as described previously (Sato et al., 2008b) and assessed by immunoblotting using anti-GFP antibody (Fitzgerald Industries International) or anti-actin antibody (C4; Millipore). Immunoprecipitation was performed and assessed by immunoblotting as previously described (Sato et al., 2011) . See Supplemental Experimental Procedures for details.
Microscopy and Immunostaining
For live imaging of fluorescent proteins, animals were mounted on agarose pads with 20 mM levamisole. Immunostaining was performed as previously described (Miller and Shakes, 1995; Toya et al., 2010) with anti-RAB-11 antibody (gift of A. Spang) (Poteryaev et al., 2007) and is described in detail in the Supplemental Experimental Procedures. Fluorescent images were obtained using confocal microscope systems FV1000 and FV1200 (Olympus). Quantification of the puncta numbers and total intensity of GFP-RAB-11.1 was performed by MetaMorph (Molecular Devices). Time-lapse images of cytokinesis were obtained using an Olympus IX71 microscope and a confocal scanner unit CSU22 (Yokogawa Electric).
Nucleotide Exchange Assay using Liposomes Rab proteins tagged with His6 at the C terminus were purified as described previously (Ebine et al., 2014) . N-terminally GST-tagged REI-1 and human SH3BP5 were prepared as described in Supplemental Experimental Procedures. The GEF assay was performed as described by Ebine et al. (2014) with some modifications. MANT-GDP (Invitrogen) was preloaded to each Rab-His6 protein at 25 C as described by Xiong et al. (2012) . The nucleotide exchange reaction was recorded using a fluorescence spectrophotometer (model F-2500, Hitachi High-Technologies) at an excitation wavelength of 366 nm and an emission wavelength of 443 nm. See Supplemental Experimental Procedures for details.
Liposome Floatation Assay
Liposome floatation assay was performed as described previously (Yorimitsu and Sato, 2012) with some modifications. Liposomes (0.1 mg/ml) consisting of 60 mol % 1-palmitoyl-2-oleylphosphatydilcholine, 30 mol % 1,2-dioleoylsn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]-NTA (nickel salt), and 10 mol % phosphatidyl serine were incubated for 15 min at 30 C with GST-REI-1 or GST (0.3 mM) in GEF buffer (250 ml) and mixed with 2 M sucrose in GEF buffer (250 ml). The mixture was overlaid with 0.75 M sucrose in GEF buffer (400 ml), and 100 ml of GEF buffer was added. Next, the mixture was centrifuged in a S55A2 rotor (Hitachi Koki) at 201,000 3 g for 1 hr at 4 C. A 150-ml volume of fractions was collected from the top and bottom and analyzed by SDS-PAGE and immunoblotting using a goat anti-GST polyclonal antibody (GE Healthcare).
Fractionation Assay
Fractionation assay was performed as described previously (Chen et al., 2000) with some modifications. Adult animals expressing GFP-RAB-11.1 were treated with 10% bleach/1 M NaOH, and collected embryos were homogenized in a Dounce stainless steel tissue grinder (Wheaton). The homogenates were centrifuged at 2,000 3 g to remove nematode debris and nuclear fraction. The supernatant was further centrifuged at 100,000 3 g for 1 hr. Anti-GFP antibody (Fitzgerald Industries International) was used to detect GFP-RAB-11.1. Antibody directed against the Golgi marker RER-1 was used as a marker for the membrane fraction. The peptide of RER-1 C terminus PRMAGKEDTGKVVVG was generated by Eurofins and used for the antibody production at TK Craft. 
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